Background and objectives The efficacy and safety of molidustat, a hypoxia-inducible factor-prolyl hydroxylase inhibitor, have been evaluated in three 16-week, phase 2b studies in patients with CKD and anemia who are not on dialysis (DaIly orAL treatment increasing endOGenoUs Erythropoietin [DIALOGUE] 1 and 2) and in those who are on dialysis (DIALOGUE 4).
Introduction
Anemia is a common and important complication of CKD (1) . As CKD worsens, the risk of anemia increases (2-4), owing to a combination of several conditions such as reduced erythrocyte lifespan and the reduced synthesis of erythropoietin (5, 6) . Erythropoiesis-stimulating agents (ESAs) mimic the actions of endogenous erythropoietin and are the standard treatment for patients with anemia of CKD (7) . Although ESAs are effective in elevating hemoglobin levels, their use is associated with an increased risk of cardiovascular adverse events (AEs) (8) (9) (10) (11) ). This appears to be related to the use of high doses to achieve specified hemoglobin targets (12, 13) , as well as excessive increases in hemoglobin levels (14) . ESAs have also been shown to elevate BP in healthy volunteers and in patients with CKD (15) . Furthermore, ESAs are ineffective at elevating hemoglobin levels in 10%-20% of patients, whether they are on dialysis (16, 17) or not (18) , largely owing to systemic inflammation and iron deficiency that inhibit the erythropoietic response (19) .
Alternative treatment strategies are therefore worth pursuing for patients with anemia of CKD. One such approach is inhibition of hypoxia-inducible factor (HIF) prolyl hydroxylases (PHs). HIFs regulate the physiologic response to hypoxia by activating the transcription of erythropoietin and (to a lesser extent) several other hypoxia-inducible genes (20) , which control multiple processes, including erythropoiesis, angiogenesis, and mitochondrial metabolism (19) . In the presence of oxygen, HIF-PH tags HIF-a subunits for proteasomal degradation, and the transcription of target genes ceases (21, 22) .
Molidustat (BAY 85-3934) is a novel, orally bioavailable HIF-PH inhibitor that mimics hypoxia by stabilizing HIF-a subunits (20) . Here, we report data from three phase 2b studies that are part of the DIALOGUE (DaIly orAL treatment increasing endOGenoUs Erythropoietin) program, which has been designed to evaluate the efficacy, safety, and tolerability of molidustat compared with placebo or alternative ESA therapy in patients with anemia of CKD. (31) or the formula devised by Matsuo et al. (32) . d Mean of all local laboratory Hb measurements (at least two measurements must be taken $2 days apart) during the 4-week screening period, with the last screening Hb measurement within 10 days before randomization, all measurements come from the same local laboratory for any given subject, and the difference between the lowest value and the highest value is #1.2 g/dl. e Mean of all local laboratory Hb measurements (at least two measurements must be taken $2 days apart) during the 4-week screening period, none of the measurements can be ,9.0 or .12.0 g/dl, none of the measurements can be ,9.0 g/dl, all measurements must come from the same local laboratory for any given subject, and the difference between the lowest level and the highest level is #1.2 g/dl. f Mean of all local laboratory Hb measurements (at least two measurements must be taken $2 days apart) during the 4-week screening period, none of the measurements can be ,9.0 or .12.0 g/dl, all measurements come from the same local laboratory for any given subject, and the difference between the lowest level and the highest level is #1.2 g/dl. g Added after a protocol amendment. h For a full list of secondary end points, see Supplemental Table 2 . i Definitions of response and target range vary between DIALOGUE 2 and DIALOGUE 4; see Supplemental Table 2 for further information.
Materials and Methods
DIALOGUEs 1, 2, and 4 were 16-week, multicenter, parallel group, randomized, controlled phase 2b trials in patients with anemia of CKD (Clinicaltrial.gov identifiers: NCT02021370, NCT02021409, and NCT01975818, respectively). An overview of each trial is provided in Table 1, with further details below and in Supplemental  Tables 1-11 .
Study Design
The design of each study is summarized in Table 1 . In DIALOGUE 1, which was placebo-controlled, the aim of treatment was to correct anemia. Both, patients and physicians were blinded to treatment allocation. DIA-LOGUE 2 and DIALOGUE 4 were open-label trials with the aim of maintaining hemoglobin levels within predefined ranges. The comparator was darbepoetin alfa (subsequently referred to as darbepoetin) in DIALOGUE 2 and epoetin alfa or beta (subsequently referred to as epoetin) in DIALOGUE 4.
All trials comprised a screening phase (#4 weeks) and a randomized treatment phase (16 weeks, with an evaluation phase in the last 4 weeks) (Supplemental Figure 1) . At the end of the treatment phase, patients were followed up for 8 weeks or (if eligible) could enter the DIALOGUE 3 or DIALOGUE 5 long-term extension studies. DIALOGUE 1 and DIALOGUE 2 were executed in the European Union, Israel, South Korea, Australia, and Japan, and DIALOGUE 4 enrolled patients in the United States and Japan.
Patient Populations
Key inclusion and exclusion criteria are summarized in Supplemental Table 1 and Table 1 . All three trials enrolled adults with anemia of CKD. Patients in DIALOGUE 1 and DIALOGUE 2 were excluded if they were on dialysis, whereas DIALOGUE 4 only included patients undergoing long-term, regular hemodialysis. Participants in DIA-LOGUE 1 were not permitted to use ESAs in the 8 weeks before the start of the trial (considered sufficient time for pharmacological washout and loss of effects on erythropoiesis). In DIALOGUE 2 and DIALOGUE 4, patients had to be receiving stable doses of darbepoetin or epoetin, respectively, in the 8 weeks before randomization.
Treatments
In DIALOGUE 1, patients were treated with oral, fixed doses of molidustat or placebo. In DIALOGUE 2, patients were randomized to receive one of three starting doses once daily of oral molidustat (25, 50, or 75 mg) or to continue darbepoetin treatment. In DIALOGUE 4, patients • Protocol driven decision point (n=14)
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• Other (n=1) were randomized to receive one of three starting doses of molidustat once daily (25, 50, or 75 mg) or to continue epoetin treatment. After initial efficacy results, a fourth arm was added (once daily 150 mg). Randomization was stratified according to previous thromboembolic events (all three studies) and hyporesponsiveness to darbepoetin or epoetin (DIALOGUE 2 and DIALOGUE 4, respectively). Patients in DIALOGUE 1 discontinued the study if they experienced one of the following "stopping events": hemoglobin level ,8.0 g/dl, hemoglobin level at least 13.0 g/ dl, or an increase in hemoglobin level of .1.0 g/dl in 2 weeks. In DIALOGUE 2 and DIALOGUE 4, the doses of all drugs could be titrated up or down in a stepwise manner, to maintain hemoglobin levels within predefined target ranges (Supplemental Figure 2 ). Darbepoetin and epoetin were titrated according to the local label. Except in emergencies, dose titration was only permitted on days 29, 57, and 85, although the dose could be reduced on day 15 if hemoglobin levels rose excessively. If hemoglobin became too high (.13.0 g/dl or a rise in hemoglobin of .1.0 g/dl in 2 weeks), molidustat could be titrated down or suspended. The daily average doses of molidustat in DIALOGUE 2 and DIALOGUE 4 are reported in Supplemental Table 2 . In all studies, iron supplementation was per investigator discretion.
Efficacy End Points
The primary efficacy end point in each study was the change in hemoglobin level between baseline and the evaluation phase (the average of all measurements taken during the last 4 weeks of the treatment phase). Secondary efficacy end points are summarized in Supplemental Table  3 and Table 1 .
Tolerability and Safety End Points
Safety and tolerability were assessed by evaluating AEs, heart rate, BP, electrocardiogram results, and laboratory parameters. The latter included measures of iron metabolism (iron, ferritin, total iron binding capacity, unsaturated iron binding capacity, transferrin saturation, and hepcidin) and plasma lipid levels. In addition, 24-hour ambulatory BP monitoring (ABPM) was conducted at baseline, at the end of week 8, and at the end of treatment in DIALOGUE 1 and in a subset of patients in DIALOGUE 4. An independent adjudication committee assessed all deaths and any serious AEs of severe • Sponsor decision (n=1)
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SAF ( arrhythmias, thromboembolic events, syncope or symptomatic hypotension, or heart failure.
Statistical Analyses
Efficacy was assessed using observed case data from the modified intention-to-treat set (all patients who were randomized, received at least one dose of study agent, and had at least one postbaseline efficacy value recorded). The estimates and the confidence intervals of the changes in hemoglobin levels were calculated using an analysis of covariance model. The safety analysis set (all patients who were randomized and received at least one dose of study agent) was used to analyze safety variables. Within each study, safety analyses were performed in individual and pooled molidustat dose groups. Sample sizes were on the basis of external benchmarks (e.g., sample sizes used in previous phase 2 studies of treatments for anemia of CKD) and feasibility, rather than statistical considerations. Further details of the statistical analyses are provided in Supplemental Material.
Ethics
All studies were conducted in compliance with the principles of the Declaration of Helsinki and in accordance with Good Clinical Practice guidelines. The protocols were reviewed and approved by the institutional review board or ethics committee of each participating center. All patients provided written informed consent before study entry.
Results

Patient Disposition and Baseline Characteristics
The numbers of patients randomized were 121 (DI-ALOGUE 1), 124 (DIALOGUE 2), and 199 (DIALOGUE 4). Patient disposition, including the number and reasons for discontinuation, during each of the three studies is shown in Figure 1 . The numbers of patients in DIALOGUE 1 who discontinued because of stopping events (25 mg once daily, n=10; 50 mg once daily, n=9; 75 mg once daily, n=17; 25 mg twice daily, n=8; and 50 mg twice daily, n=17) were almost exclusively because of high hemoglobin levels.
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Primary Efficacy End Point
The estimated mean changes and corresponding confidence intervals in hemoglobin level from baseline to the evaluation period for the three studies are summarized in Table 3 .
In DIALOGUE 1, mean hemoglobin levels in the molidustat groups increased from baseline during the first 12 weeks of treatment and began to separate from those of the placebo group at week 5. There were increases in hemoglobin level in each molidustat group between baseline and the evaluation period compared with placebo ( Figure 2A , Table 3 ).
In DIALOGUE 2, mean hemoglobin levels were maintained within the target range (10.0-12.0 g/dl) for each molidustat dose group ( Figure 2B ). The mean change in hemoglobin level between baseline and the evaluation period appeared to be numerically greater with the molidustat 75 mg once daily starting dose than with darbepoetin (Table 3) .
In DIALOGUE 4, there was a numerically small mean increase in hemoglobin levels between baseline and the evaluation period in the molidustat 150 mg once daily group; there were small mean decreases in the other treatment groups (Table 3) . Mean hemoglobin levels in the two lowest molidustat starting dose groups (25 and 50 mg once daily) fell below the target range (10.0-11.0 g/dl) in the first weeks of treatment, whereas mean hemoglobin levels for the 75 and 150 mg once daily starting doses remained within the target range during the 16-week treatment period ( Figure 2C ). Mean hemoglobin levels increased again toward the end of the treatment period in the 25 and 50 mg once daily groups, after dose titrations.
Secondary Efficacy End Points
In DIALOGUE 1, the increase in hemoglobin leveled off over time ( Figure 2A) ; however, this apparent plateau has predominantly been influenced by high levels of protocoldefined patient discontinuations because of overshooting hemoglobin levels and/or exaggerated hemoglobin increase.
In DIALOGUE 2, the response rate (as defined in Supplemental Table 3 ) was numerically higher in the darbepoetin group (89%) than in the molidustat starting dose groups (71%, 81%, and 61% for the 25, 50, and 75 mg dose groups, respectively). The mean (SD) percentage of days within the hemoglobin target range (10-12 g/dl) were also numerically higher in the darbepoetin group (83%, SD 25) than in the molidustat dose groups (66%, SD 34; 71%, SD 31; and 56%, SD 30 for the 25, 50, and 75 mg dose groups, respectively), with no evidence of a dose-response effect with molidustat (Supplemental Table 6A ). The proportion of patients with hemoglobin levels .12.0 g/dl was numerically higher with molidustat (15%, 12%, and 29% for the 25, 50, and 75 mg dose groups, respectively) than with darbepoetin (3.6%).
In DIALOGUE 4, the response rates (as defined in Supplemental Table 3 ) in the molidustat groups were variable and were numerically lower (43%, 22%, 19%, and 40.0% for the 25, 50, 75, and 150 mg dose groups, respectively) than that seen with epoetin (49%). The mean (SD) percentage of days within the hemoglobin target range of 10.0-11.0 g/dl were also numerically lower in the molidustat groups (34%, SD 29; 27%, SD 25; 27%, SD 26; and 38%, SD 28 for the 25, 50, 75, and 150 mg dose groups, respectively) than in the epoetin group (47%, SD 26), with no evidence of a doseresponse effect with molidustat (Supplemental Table 6B ). Compared with the epoetin group (23.1%), a numerically higher proportion of patients treated with the molidustat 150 mg once daily starting dose (40.0%) had hemoglobin levels .11.0 g/dl. Data on rescue treatment are given in Supplemental Table 7 .
Tolerability and Safety
The mean duration of exposure to study agent was 75 days in the molidustat groups and 109 days in the placebo group in DIALOGUE 1, 105 days in the molidustat groups and 103 days in the darbepoetin group in DIALOGUE 2, and 95 days in the molidustat groups and 112 days in the epoetin group in DIALOGUE 4.
In DIALOGUE 1, the incidences of treatment-emergent adverse events (TEAEs) and serious TEAEs in the molidustat combined-dose group were numerically lower than those seen in the placebo group. The incidence of TEAEs in DIALOGUE 2 was numerically higher in the molidustat combined-dose group than in the darbepoetin group, and the incidence of study drug-related TEAEs in both DIALOGUE 2 and DIALOGUE 4 was numerically higher in the molidustat groups than in the darbepoetin/epoetin groups (Table 4) . Most TEAEs in each of the three studies were mild or moderate in intensity. The most common TEAEs in each study are shown in Table 5 (common TEAEs by molidustat dose group are given in Supplemental Table 8 ).
Study drug-related serious TEAEs occurred in only one and two patients in the molidustat groups of DIALOGUE 2 and 30  30  30  29  28  28  27  26  26  24  23  22  26  30  30  30  29  28  28  27  26  24  26  24  25  26  32  32  30  31  31  31  30  29  27  27  28  28  28  32  29  30  30  29  29  27  28  27  27  26  27  28 Number of patients 44  41  40  40  41  41  35  32  31  32  29  29  29  32  40  38  37  38  38  35  34  27  27  26  27  25  25  27  44  44  40  40  41  41  35  35  31  32  31  31  31  32  29  27  27  27  24  24  24  23  20  19  18  18  20  20  42  40  41  39  42  40  42  39  39  36  38  37  39  39 Number of patients Figure 2 . | Molidustat was able to correct (DIALOGUE 1) and maintain Hb levels within a pre-specified range (DIALOGUE 2 and 4 [75 and 150 mg starting dose groups only]). Observed case data from modified intention-to-treat populations. Baseline was defined as the average of DIALOGUE 4, respectively (hyponatremia, prolonged QT interval, and hypotension). Five, four, and 11 serious AEs overall (three, two, and nine in the molidustat groups) were positively adjudicated in DIALOGUEs 1, 2, and 4, respectively. Except for one report of a significant increase in alanine transaminase levels in the placebo group of DIALOGUE 1, no liver function-related AEs were reported during the studies.
There were generally no notable changes in laboratory parameters, with the exception of measures of iron metabolism. In DIALOGUE 1, mean ferritin and hepcidin values decreased over time in the molidustat groups, whereas mean total and unsaturated iron binding capacity increased (Supplemental Tables 9A and 10A ). In the placebo group, iron metabolism parameters remained near baseline values, except for ferritin, which showed a transient increase. In DIALOGUE 2, there were mean reductions (between baseline and the end of treatment) in hepcidin and iron levels in the molidustat groups compared with an increase in the darbepoetin group (Supplemental Tables 9B and  10B ). In DIALOGUE 4, mean changes in iron metabolism parameters were similar in the molidustat and epoetin groups (Supplemental Tables 9C and 10C) .
Changes in LDL cholesterol between baseline and the end of treatment were small; in DIALOGUE 1: mean (SD) changes were 0.7 (28.9) mg/dl in the combined molidustat group and 3.3 (30.7) mg/dl in the placebo group. Mean (SD) changes in DIALOGUE 2 were 1.9 (24) mg/dl in the combined molidustat group and 21.3 (18.7) mg/dl in the darbepoetin group. In DIALOGUE 4, mean (SD) changes were 20.7 (22.3) mg/dl in the combined molidustat group and 0.2 (15.7) mg/dl in the epoetin group.
There were generally no notable changes in vital signs or electrocardiogram results in the three studies. Results of 24-hour ABPM indicated that molidustat does not increase BP. In DIALOGUE 1, molidustat had neither a beneficial nor a detrimental effect on BP relative to placebo, although the incidence of hypertension-related AEs was lower for molidustat (10%) than for placebo (25%).
Discussion
The global, phase 2 DIALOGUE program was designed to evaluate comprehensively the safety, efficacy, tolerability, pharmacokinetics, and pharmacodynamics of molidustat in patients with anemia of CKD, in individuals not on dialysis (DIALOGUE 1 and DIALOGUE 2) and in those on dialysis (DIALOGUE 4).
The fixed-dose, placebo-controlled study (DIALOGUE 1) demonstrated that molidustat provides increases in hemoglobin levels in patients not on dialysis. The observed plateau in hemoglobin levels at later time points is largely because of the discontinuation rate caused by high hemoglobin values. This should not be interpreted as a plateau of the mode of action, i.e., stimulation of erythropoiesis. No such plateau has been observed in preclinical experiments (20) . Efficacy in patients not on dialysis was also demonstrated in DIALOGUE 2, in which treatment was switched from darbepoetin to molidustat or continued with darbepoetin. All molidustat dose arms were able to maintain the hemoglobin within the prespecified target range of 10.0-12.0 g/dl. The results, however, suggest that a molidustat starting dose of 25 or 50 mg once daily may be more appropriate in this patient population than 75 mg once daily, which appears to be associated with an increased likelihood of hemoglobin levels rising above prespecified limits compared with continued darbepoetin. This is consistent with the findings from DIALOGUE 1, in which (14) 5 (25) 19 (21) 6 (19) 34 (22) 7 ( more stopping events were caused by high hemoglobin levels in the molidustat 75 mg once daily group than in the 25 and 50 mg once daily groups. In patients on dialysis (DIALOGUE 4), only molidustat starting doses of 75 and 150 mg once daily maintained hemoglobin levels within the target range after switching from epoetin. This was not unexpected, given the level of kidney function impairment of patients in this study. Indeed, although both kidney and hepatic erythropoietin production are affected, molidustat mainly addresses kidney erythropoietin production (20) . In patients receiving dialysis treatment, switching from injectable ESA to molidustat 25 or 50 mg once daily resulted in an initial temporary drop in hemoglobin; understanding the underlying reasons for this would require further exploration in a future trial. Compared with the epoetin group, patients treated with molidustat starting doses of 75 or 150 mg once daily had lower response rates, spent less time within the target hemoglobin range, and were more likely to have hemoglobin levels above the prespecified limit. In both the DIALOGUE 2 and DIALOGUE 4 studies, the reduced time in the target hemoglobin range compared with darbepoetin/epoetin may reflect the inclusion criterion that therapy in the darbepoetin/epoetin groups was stable before the start of the study treatment period.
Several other HIF-PH inhibitors are in clinical development for anemia of CKD. These include vadadustat (AKB-6548), roxadustat (FG-4592), and daprodustat (GSK1278863). Published phase 2 studies in patients with CKD who are not on dialysis include a placebo-controlled study of vadadustat (23) and two studies of roxadustat (24, 25) , as well as a placebo-controlled study of daprodustat (26) and a dose-ranging study of daprodustat in both patients not on dialysis and those on hemodialysis (27) ; the results show that all agents increase and maintain hemoglobin levels in these patients. Two additional roxadustat studies (also phase 2) have been conducted in patients on dialysis (28, 29) . In one of these, patients taking epoetin had their treatment switched to roxadustat or continued on epoetin, and the results show that hemoglobin levels were maintained when patients were switched to the HIF-PH inhibitor (29) . The above-mentioned phase 2 trials on daprodustat also enrolled patients on hemodialysis; in one trial, patients were on sufficient epoetin treatment before starting daprodustat, and the second trial enrolled epoetin-naïve patients. Hemoglobin was maintained in the switching study and it was increased in patients naïve to epoetin treatment.
Molidustat was generally well tolerated during the DIALOGUE studies. In DIALOGUE 2 and DIALOGUE 4, the increased incidence of TEAEs in the molidustat groups compared with that observed in the darbepoetin/epoetin groups was not unexpected, given that the studies were open label and that the darbepoetin/epoetin doses had been stabilized before the studies started. Of note, in the blinded DIALOGUE 1 trial, such imbalances were not seen.
The DIALOGUE studies were not powered to evaluate the signal for thromboembolic events compared with comparator ESAs; however, serious thromboembolic events were independently adjudicated. A few of these occurred in the molidustat treatment groups, but none were judged to be related to therapy by the investigator (Supplemental Table 11 ).
Another recognized side effect of ESA therapy is hypertension (30) . Data from these studies indicate that BP, which was measured using 24-hour ABPM, was not increased by molidustat; in fact, there was some suggestion that molidustat treatment may slightly decrease BP, although the small patient numbers preclude firm conclusions. The DIALOGUE studies have several limitations. These include low patient numbers per treatment group and a relatively short duration of treatment contributing to the changes in hemoglobin levels observed after treatment initiation; however, this is customary for phase 2 clinical studies, which serve to provide data from which to design larger, longer phase 3 trials. Other design elements of the DIALOGUE 1 study were robustness, as it included a placebo arm and was double-blinded, whereas DIALOGUE 2 and DIALOGUE 4 were open label, which may have introduced bias (e.g., in AE reporting). Discontinuation rates in all three studies were relatively high. However, for DIALOGUE 1, this mainly reflects the inclusion of stopping rules in the event of low/ high hemoglobin levels as well as exaggerated hemoglobin increase, designed to safeguard patients in the study because dose modifications were not permitted. In DIALOGUE 2 and DIALOGUE 4, completion rates in patients treated with molidustat were lower than patients treated with darbepoetin or epoetin, but again, this likely reflects the fact that ESA doses were stable before patients entered the study.
In conclusion, results of these phase 2b studies indicate that the overall efficacy/safety profile of molidustat enables further development in both patients with CKD who are not on dialysis and those with CKD who are on dialysis. Hemoglobin levels can be maintained after switching from ESAs to a flexible dose of molidustat, with manageable side effects. No serious thromboembolic events were related to treatment. Continued evaluation of molidustat in larger phase 3 studies is warranted. in 2 weeks. Participants who required a dose suspension for $6 consecutive weeks had to be withdrawn from the study.
Supplemental Figure 2 . Dose titration scheme for DIALOGUEs 2 and 4.
